Abstract: Higgs portal interactions provide a simple mechanism for addressing two open problems in cosmology: dark matter and the baryon asymmetry. In the latter instance, Higgs portal interactions may contain the ingredients for a strong first order electroweak phase transition as well as new CP-violating interactions as needed for electroweak baryogenesis. These interactions may also allow for a viable dark matter candidate. We survey the opportunities for probing the Higgs portal as it relates to these questions in cosmology at the LHC and possible future colliders.
Introduction
Explaining the origin and composition of the matter content of the Universe remains one of the most compelling tasks at the interface of high energy physics, nuclear physics, and cosmology.
The identity of the dark matter that comprises 27% of the cosmic energy density remains undetermined, and little is known about its non-gravitational interactions. The visible matter comprises just under 5% of the present cosmic energy density and is often characterized by the baryon-to-photon ratio
n B s = (8.59 ± 0.11) × 10 −11 (1.1) where n B (s) is the baryon number (entropy) density and where the value has been obtained from the Planck data [1] . This number, though tiny, is clearly decisive for the Universe as we know it, yet the Standard Model (SM) suggests it should be many orders of magnitude smaller. Thus, accounting for the abundance of both the visible and dark matter provides some of the strongest motivation for physics beyond the Standard Model (BSM).
It is possible that the dynamics associated with the dark matter and the origin of the baryon asymmetry are largely hidden from our view, either because the associated mass scale is too high or the relevant interactions with SM particles too feeble. In light of the discovery of the Higgs-like boson at the LHC, it is interesting to ask whether the properties and interactions of the Higgs boson provide a window, or "portal", on the origin and composition of the cosmic matter content. If so, what might one learn from more refined studies of Higgs boson
properties and interactions at the LHC or from the search for additional Higgs-like states?
The purpose of this document is to summarize the landscape of possibilities as reviewed at the workshop "Unlocking the Higgs Portal" held at the Amherst Center for Fundamental
Interactions at the University of Massachusetts in May 2014 [2] . In view of Run II of the LHC, it is particularly worthwhile to identify the Higgs boson properties and searches for new states that are most promising from the standpoint of the cosmic matter content problem.
In what follows, we provide a snapshot of this landscape as well as a discussion of additional theoretical work needed to delineate the prospective consequences of future LHC studies.
Given the prospects for developing the next generation of high energy colliders, we also discuss The collider phenomenology pertaining to dark matter has been extensively investigated, particularly in relation to the WIMP paradigm (see, e.g., Refs. [3] [4] [5] ). Dark matter-Higgs boson interactions have also been widely studied, and the high energy community is reasonably well versed in the dark matter problem (for recent discussions, see, e.g.. Refs. [6, 7] ). The implications of present and future LHC studies for the origin of visible matter, on the other hand, is less widely appreciated.
Consequently, in what follows we will place a somewhat heavier weight on the baryogenesis problem, linking it to the Higgs portal and dark matter relic abundance where appropriate. For completeness, we also provide a short summary of the collider phenomenology of Higgs portal dark matter.
In principle, the non-vanishing Y B could have resulted from initial conditions during the Big Bang or from dynamics of grand unified theories at energy scales above ∼ 10 16 GeV. In practice, the on-going success of the inflationary paradigm implies that any matter-antimatter asymmetry created in either of these ways would have been inflated away and, thus, not able to account for present observation. In this view, the particle physics of the post-inflationary Universe (including the era of preheating) is likely responsible. Over 40 years ago, Sakharov [8] identified three ingredients in the early Universe that must have been present in order to generate a non-vanishing Y B : (a) baryon number (B)-violation; (b) violation of both C-and CP-invariance; and (c) either a departure from equilibrium dynamics or violation of CPTinvariance. The SM contains the first ingredient in the form of (B+L)-violating sphaleron transitions, but fails on the second and third.
The possible BSM scenarios that satisfy all three "Sakharov" conditions span the gamut of post-inflationary cosmic history. Among the most theoretically attractive and experimentally testable are those that introduce new particles in the few-hundred GeV to TeV mass range.
These scenarios would have generated the matter-antimatter asymmetry during or shortly before the era of electroweak symmetry-breaking (EWSB). The most thoroughly studied (though not exclusive) such scenario is electroweak baryogenesis (EWBG) (for a recent review, see Ref. [9] ).
In EWBG, the Universe undergoes a first order phase transition during which electroweak symmetry is broken. The electroweak phase transition (EWPT) proceeds via nucleation of bubbles of broken electroweak symmetry as the Universe cools through a nucleation temperature T N that lies below the phase transition critical temperature, T C . This transition, which satisfies the Sakharov out-of-equilibrium condition, is analogous to the condensation of water droplets from vapor with decreasing temperature. Sakharov's second ingredient is provided by C-and CP-violating interactions of new particles at the bubble walls. These interactions ultimately induce the sphalerons to create baryons that diffuse inside the expanding bubbles where they are captured and protected from being washed out by inverse sphaleron processes.
The LHC and prospective future colliders are well-suited to looking for the particle physics ingredients needed for the first order EWPT. Indeed, the possibilities for generating this transition are rich. New particles may modify the Higgs potential through either loop effects or new tree level interactions. In some scenarios, the result may be new patterns of EWSB that would not arise in the Standard Model, such as the occurrence of a series of transitions that break SM symmetries. In all cases, the dynamics require the existence of new spin-zero particles whose interactions may be more or less analogous to those of the SM Higgs boson.
If one (or more) of these new states is stable on cosmological time scales, it (they) may also account for the dark matter relic density. Alternatively, dark matter fields may interact with the new scalars that, in turn, interact with the SM through the Higgs portal.
Generically, we write the Higgs portal interaction as
where H is the SM Higgs doublet, φ is an additional scalar transforming as either a singlet or non-singlet under the SM, and the "+ · · · " indicate possible higher dimensional operators.
For the neutral component of φ to contribute to the dark matter relic density, the Z 2 -odd terms in Eq. (1.2) must be absent (e.g., a 1 → 0). On the other hand, φ may not itself be the dark matter candidate but may interact independently with the dark matter as in The LHC and future colliders might discover the new particles (φ, χ) and probe the effects of their interactions in a number of ways:
• modified SM-like Higgs boson couplings to itself and other SM particles
• new Higgs boson production mechanisms
• new Higgs boson decay channels
• new scalar particles that interact with the Higgs boson and other SM particles Many of these signatures have been discussed elsewhere in the literature. Here we discuss their relation to the possible occurrence of a first order EWPT and connection to dark matter, utilizing representative theoretical scenarios.
Theoretical Scenarios
The dynamics of the EWPT are governed by the finite-temperature effective action, S EFF (T ), that reduces to an integral over the effective potential V EFF (φ, T ) for spatial homogenous background fields φ (here, we generically denote the full set of background fields by φ). For a theory such as the SM wherein only a single field acquires a vacuum expectation value (the background field), one may write the effective potential in the high-temperature limit
where D, T 2 0 , E, e, andλ are all computable from the zero temperature Lagrangian. In the SM, where ϕ is the Higgs background field (used here interchangeably with the vev), λ is approximately the Higgs self-coupling. The quantity DT 2 corresponds to the square scalar field thermal mass, while DT 2 0 is the zero temperature, tachyonic mass parameter, often denoted µ 2 . The existence of the cubic term proportional to ET + e is essential for the occurrence of a first order phase transition. In the SM, e = 0, as there exists no tree-level term that is cubic in the background field. In extended scalar sectors, e may be non-vanishing.
The quantity E is generated at loop level in both the SM and its extensions.
The interplay between (ET + e) andλ governs the character of the EWPT. In the limit that both E and e vanish, the transition becomes second order and no bubble nucleation will occur. The evolution of the potential with temperature for a first order EWPT is shown in Assuming the occurrence of a first order transition with a sufficiently large bubble nucleation rate, preservation of any matter-antimatter asymmetry inside the bubbles requires quenching of the sphaleron transitions by making the sphaleron energy sufficiently large relative to the critical temperature, T C . For the high-T potential of Eq. (2.1), the requirement becomes [10] [11] [12] 
This criterion is sometimes referred to as the requirement for a "strong first order EWPT"
or "SFOEWPT". In the SM, for which e = 0 and E arises through loops, this criterion is BSM scenarios may remedy the absence of a SFOEWPT by increasing the magnitude of E, reducing the magnitude ofλ, or reducing the critical temperature T C . Broadly speaking, BSM scenarios do so via one or more of the following avenues:
• new loop effects that effectively increase E (Section 2.1)
• new tree-level interactions that generate non-vanishing e (Section 2.2)
• tree-level interactions that reduceλ either directly or indirectly (Section 2.2)
• tree-level or loop effects that lower the critical temperature, T C (Section 2.2).
• new tree-level interactions that generate an earlier SFOEWPT along a different field direction, enabling EWBG through a multi-step process (Section 2.2)
Loop effects
The dynamics of a loop-induced SFOEWPT can be understood by considering the so-called "daisy resummation" contribution to V EFF (ϕ, T ). This contribution yields the following contribution to the difference in energy between the potential in the broken and unbroken phases: [23, 24] appear to have closed most of the window for a SFOEWPT in the MSSM as well as extensions with hard SUSY-breaking terms. Going beyond SUSY, it was realized that loop contributions involving multiple species may also lower T C in the presence of a barrier between the two phases [25] . When one of the y k < 0, the corresponding contribution to ∆V daisy will be positive, effectively increasing the energy of the broken phase relative to the unbroken phase. As a result, the Universe must cool to a lower temperature than it otherwise would for the two phases to be degenerate in energy, thereby leading to a lower T C and increasing the left hand side of Eq. (2.3) 1 .
Possible generation of a SFOEWPT through loop contributions has recently been studied in a general way by the authors of Ref. [26] . The introduction of colored scalar particles that lead to a SFOEWPT would also lead to significant increases in the hgg and hγγ couplings.
Color singlets that are charged under the electroweak gauge groups and that give rise to a SFOEWPT would not modify the hgg coupling but could induce observable deviations in the rate for h → γγ. For gauge singlets that generate a SFOEWPT solely via loops rather than tree-level interactions (see below), one would expect a change in σ(e + e − → Zh).
The projected sensitivity of the CEPC and FCC-ee could allow for an observation of these modifications of Higgs boson production and decays 2 . The simplest scenario arises when φ is a real singlet, denoted here as S. At T = 0, the presence of the two operators in Eq. (1.2) implies the existence of two mass eigenstates 1 Application of this idea to the stop and sbottom contributions to the effective potential and the implications for the EWPT are under investigation. 2 We also note that loop effects arising from new degrees of freedom may modify the T = 0 potential in such a way that the SM gauge boson finite-temperature loops induce a SFOEWPT.
Tree-level interactions
h 1,2 that are doublet-singlet mixtures 3 . For the dynamics of the transition, taking a 1 < 0, the cubic interaction introduces a tree-level barrier, generating a non-vanishing e > 0. The presence of a non-vanishing a 2 may lead to a reduction in the value ofλ and a reduction in T C . For a 2 < 0, one finds a direct reduction inλ [11] . For positive a 2 , the effect is indirect, involving the interplay of parameters in the scalar mass-squarked matrix [27] . These features have been analyzed in a general fashion in Refs. [11, [27] [28] [29] [30] , while specific model realizations in the NMSSM have been studied in Refs. [31, 32] .
For φ transforming non-trivially under SU(2) L , the constraints on the electroweak ρ-parameter imply that the vev of the neutral component of φ must be small at T = 0. As the latter is proportional to a 1 , the corresponding tree-level barrier induced by non-vanishing a 1 between the symmetric and present electroweak vacua is too small to allow for a SFOEWPT at finite-T . On the other hand, for suitable choices of parameters, it is possible that electroweak symmetry breaks in two steps: (1) at temperature T 1 , the neutral component of φ gets a vev while the doublet vev vanishes; (2) at T 2 < T 1 , a second transition occurs to the vacuum with vanishingly small neutral φ vev and non-vanishing doublet vev. The first transition may be strongly first order, and in this phase sphaleron transitions are suppressed since φ transforms non-trivially under SU(2) L . The matter-antimatter asymmetry may be produced during this first step and preserved during the transition at T 2 . A concrete realization of this possibility for φ being a real SU(2) L triplet has been analyzed in Ref. [33, 34] , while general considerations have been discussed in Ref. [35] . The vacuum structure of the potential and the two-step trajectory is illustrated in Fig. 2 .
For the special case of the two Higgs doublet model (2HDM) where the ρ-parameter constraints do not apply to the vevs, initial studies by the authors of Refs. [36, 37] indicate that it is possible to achieve a SFOEWPT in a singlet step transition due to the presence of additional tree-level interactions involving the two doublets. The SFOEWPT-favored region of parameter space suggests that the neutral pseudoscalar A 0 should be moderately heavy and that it may be considerably heavier than the non-SM-like neutral scalar H 0 .
Relaxing the requirement of renormalizability, the existence of higher-dimensional Higgs self-interactions may also enable a SFOEWPT during a singlet-step transition to the present electroweak vacuum [38] [39] [40] [41] [42] . Writing
Step 1 S t e p 2 Figure 2 . Two-step electroweak symmetry breaking for the real triplet Higgs portal scenario [33] .
Here, h and σ denote the neutral Higgs boson and real triplet background fields, respectively; O gives the location of the symmetric phase, while Σ and H denote the locations of the triplet and Higgs phases, respectively. T indicates another extremal point, while the red points are related to the black points by Z 2 symmetries. The two step transition proceeds first along the triplet direction at a temperature T σ , followed by a transition to the Higgs phase at a temperature T h < T σ .
one observes that when the dimensional parameter η > 0, the coefficient of the quartic selfcoupling may be negative (subject to stability requirements), again introducing a tree-level barrier. This possibility may be particularly interesting when the Higgs is a pseudo-Goldstone boson, so that η ∼ 1/F 2 H , with F H being of order 100 GeV [39] . Alternately, when φ is a gauge singlet that is sufficiently heavy to be integrated out, a potential of the form in Eq. 
Higgs portal dark matter
The literature on dark matter is vast, and this short overview cannot do justice to the breadth of theoretical work that has been carried out on this subject. From a practical standpoint, we instead focus on a few representative cases that illustrate the features of Higgs portal interactions and that illustrate the phenomenological implications. We consider both scalar dark matter that may arise as part of an extended scalar sector and fermionic dark matter. Scalar dark matter: gauge singlets. Extending the SM scalar sector with a real singlet S has been discussed above in the context of the EWPT. To achieve a viable dark matter candidate, the corresponding scalar potential must admit a Z 2 symmetry (S → −S) that ensures stability of the S, with vanishing S vev at T = 0. The universe may still undergo a SFOEWPT to the EWSB Higgs vacuum if the singlet potential contains a tachyonic masssquared term. In this case, the universe may first land in a vacuum with H 0 = 0 and S = 0 with decreasing T , followed by a transition to the H 0 = 0 and S = 0 vacuum at lower temperature [30] . For a non-tachyonic mass-squared term, a SFOEWPT is generally possible only when S = 0 at T = 0. Avoidance of cosmic domain walls then implies that the potential must not be Z 2 -symmetric, implying that a 1 = 0.
The general case (non-tachyonic mass) has been investigated by a number of authors [43] [44] [45] [46] . In the standard thermal DM paradigm, the relic density is governed by the Higgs portal coupling a 2 that sets the strength of the annihilation channels SS → hh and SS → h → ff and V V . For m S near m h /2, the annihilation cross section σ ann is dominated by single Higgs boson exchange (the "Higgs pole"), which is resonantly enhanced. The magnitude of a 2 must be accordingly reduced in order for the singlet density to saturate the observed DM relic density: Ω S = Ω DM . However, if the singlet constitutes one component of a multicomponent dark matter scenario, then one may have a larger magnitude for a 2 with Ω S /Ω DM < 1.
Alternately, a non-thermal mechanism may lead to saturation of the observed relic density for larger a 2 [47] . Note also that for the tachyonic mass scenario, stability of the Higgs/DM vacuum constrains the DM mass and relic density. The former is given by −|µ 2 s | + a 2 v 2 . The coupling a 2 must be positive and sufficiently large as to ensure a stable Higgs/DM vacuum.
However, increasing a 2 leads to a smaller σ ann . For a detailed study, see, e.g. Ref. [48] .
DM direct detection experiments constrain the product (Ω S /Ω DM ) × σ ann v , v is the DM velocity. Constraints obtained including the recent LUX results are shown in Fig. 9 of Ref. [30] , assuming a thermal DM scenario. For non-thermal DM that yields Ω S /Ω DM = 1 the constraints are considerably more severe, except for m S near m h /2 . The corresponding collider signatures are generally quite challenging (for a recent discussion, see, e.g., Ref. [7] ).
Since S = 0, the singlet cannot be produced directly in pp collisions as it does not mix with the SM Higgs boson and does not couple to any SM fields except pairwise to the Higgs boson.
For m S ≤ m h /2, the Higgs portal interaction a 2 leads to an invisible decay mode for the Higgs boson. The present LHC upper bound on the invisible branching fraction BR(h → invis) is 23% [49, 50] . Note that this bound constrains the singlet fraction of the DM relic density from being arbitrarily small, since |a 2 | cannot be arbitrarily large. For m S > m h /2, S is pair produced only through off-shell Higgs boson processes that have a relatively small cross section.
Variants on the simplest scenario of the SM plus a real singlet include extending the SM with a complex singlet [51] [52] [53] and extending the 2HDM with a real singlet [44, 54] . As discussed in Ref. [51] for the complex singlet S, it is convenient to assign to the singlet field a global U(1) charge. For a U(1) conserving potential, S is equivalent to two degenerate real singlets that behave much like the real singlet as a dark matter candidate. Introducing Under this scenario, one may also encounter a SFOEWPT. As also noted in Ref. [51] , the presence of the complex scalar then allows for complex couplings in the potential as well as a situation in which both components of the scalar receive vevs, a feature that would generally preclude the existence of a viable DM candidate. However, if that situation is associated with the first step of a two-step EWPT, and if it goes to zero during the second transition to the SM vacuum, then one (or more) of the components of S may remain stable at and below the freeze-out temperature for thermal DM [53] .
Another variant on the simplest scenario of the SM plus a real singlet has been studied recently in Refs. [44, 54] using a 2HDM plus a real singlet. Generically, the presence of a second neutral CP-even Higgs state opens up the parameter space of Higgs portal couplings that is consistent with the observed relic density. For low values of m S , the annihilation rate to bb can be enhanced for large tan β in the Type II 2HDM, further opening the available parameter space, thereby allowing for a value of a 2 consistent with direct detection constraints and while achieving the observed relic density [54] .
Non-singlet scalar dark matter: minimal dark matter. When φ carries SM gauge charges and has integer isospin, the neutral component φ 0 may be a viable DM candidate. A similar situation holds for one of the neutral states in a 2HDM. Stability of φ 0 requires a Z 2 symmetry, which must either be imposed by hand for lower dimensional representations of SU(2) L or is automatic for higher dimensional representations. The latter situation generally corresponds to "minimal dark matter" [55, 56] . In order to evade DM direct detection limits, scalar dark matter must either have zero hypercharge or a highly suppressed coupling to the Z 0 boson; otherwise, the DM-nucleus neutral current scattering cross section will lie well above present direct search bounds.
A general study of non-singlet scalar DM has been carried out in Ref. [57] . These authors found that the both the Z 2 symmetric 2HDM and both the real or complex scalar multiplets of dimension n = 3, 5, or 7 may be viable. The lower bounds on the corresponding masses range from roughly 500 GeV to 20 TeV depending on n and assuming saturation of the relic density.
A detailed study of the collider phenomenology for the real n = 3 case has been carried out in Ref. [58] . In general one would search for one or more disappearing charged particle tracks when one or more charged states is produced through electroweak pair production. Results of a CMS search for disappearing charged particle tracks are reported in Ref. [59] . For neutralinos in the MSSM under the anomaly mediated SUSY-breaking scenario, a neutralino with mass less than 260 GeV is excluded. One might anticipate a similar bound for the scalar DM scenarios, though to our knowledge none has yet been reported in the literature. For the real triplet of Ref. [58] , saturation of the full relic density requires a DM mass at or above roughly 2 TeV, well above the present CMS exclusion. Note that in the two-step EWPT scenario described earlier (see Sec. 2.2), the CMS exclusion would likely preclude a stable neutral triplet in the minimal version of this scenario.
Fermionic dark matter. In general, a Higgs portal interaction with one or more additional fermionic multiplets χ may provide for a viable fermionic DM scenario, though it will not substantially affect the EWPT. On the other hand such an interaction may provide for new sources of CPV as needed for EWBG during a SFOEWPT, a possibility that has been analyzed recently in Refs. [60, 61] but that we will not explore in detail here. For the simplest, pure DM scenario, one introduces a non-renormalizable interaction of the form
where χ is a SM gauge singlet and Λ defines an effective mass scale that incorporates the values of the scalar and pseudoscalar operator coefficients up to their relative normalization.
A detailed study of this scenario has been carried out in Ref. [62] . Saturation of the relic density requires Λ to range from a few hundred GeV to a few TeV, while constraints on the Higgs boson invisible width impose a strong exclusion for m χ < m h /2. Unitarity constraints on an extension of the simplest scenario that includes both the SM Higgs boson and a real scalar singlet have been studied in Ref. [63] . Generation of the baryon asymmetry in a 2HDM
variant of the interaction (2.5) has been studied in Ref. [61] .
Portal to a hidden sector. Dark matter particles may exist in a hidden sector containing additional degrees of freedom that may couple to the Higgs boson. If these degrees of freedom are sufficiently light, they may significantly affect dark matter dynamics, leading, for example, to an enhanced annihilation cross section. A particularly interesting possibility is that the hidden sector contains a U(1) symmetry that is spontaneously broken. The corresponding massive gauge boson X may mix with the SM hyper charge boson, leading to the existence of an additional "dark photon" or "dark Z", Z D . Alternately, the hidden sector may contain one or more SM gauge singlet scalars S that couple to the X. As discussed in Section 2.2, Higgs portal interactions of the form (1.2) will lead to h-S mixing. In this context, the Higgs-like state h 1 will inherit the couplings of S to X, albeit suppressed by the mixing angle sin θ.
For Z D mass below m h /2, this scenario leads to the exotic Higgs decay
The corresponding phenomenology for this possibility has been extensively analyzed in Ref. [64] .
Rather than repeat that discussion here, we refer the reader to that work.
A summary of various scenarios is given in Table 1 .
Signatures and Benchmarks
Because the nature of an EWPT depends critically on the interactions of new particles with the Higgs doublet, measuring the Higgs boson properties, including its self-interactions as well as interactions with other SM particles through production and decays can provide a probe of phase transition dynamics. In addition, it is possible to search for the new degrees of freedom through their direct production. Thus, the scenarios for baryogenesis-favorable phase transitions summarized in Section 2 may lead to a number of signatures accessible at the LHC and prospective future colliders. For each of the simplest Higgs portal scenarios, the possibilities are indicated in the last column of Table 1 . We also indicate which scenarios may allow for a viable dark matter candidate and indicate some of the corresponding signatures.
In what follows, we summarize work completed to date on some of these prospective signatures, followed by a brief roadmap for future analyses.
Modified Higgs self-coupling
In the real singlet Higgs portal scenario, the Higgs cubic self interaction λvh 3 becomes g 111 h 3 1 , where g 111 is a combination of the potential parameters, v, and the singlet vev. The value of this coupling can provide a probe of a SFOEWPT [26, 27, 65] . As shown in Fig. 3 , the value of g 111 is strongly correlated with T C , with smaller g 111 corresponding to lower critical temperature [27] . Moreover, its value may be considerably less than its pure SM value ∼ 30
GeV, thereby allowing for rather low transition temperatures. A measurement of g 111 can, thus, provide a probe of T C and the SFOEWPT-viable regions of singlet extensions. Speaking conservatively, one expects a ∼ 30 − 50% determination of this parameter at the HL-LHC [66] [67] [68] . Current projections for the ILC anticipate a 27% and 16% (10%) determination using the full data set at √ s = 500 GeV and 2(5) ab −1 at 1 TeV respectively, considering the 4b
and bbW W final states [69] . Expectations next generation pp colliders vary. Refs. [70, 71] project, respectively a 40% and 30% determination with 4 ab −1 and 3 ab −1 at √ s = 100
TeV, implying on the order of a 10% determination with 30 ab −1 . For center of mass energies below the di-Higgs production threshold, as would be relevant for the future circular e + e − colliders, one may determine g 111 indirectly as it contributes to associated production at one-loop order [72, 73] . A 30% determination may be possible with this approach. 
Modified Higgs boson couplings to SM particles
The aforementioned scenarios may lead to changes in the Higgs boson couplings to other particles through the effect of Higgs mixing and/or new loop contributions. In the case of doublet-singlet mixing, for example, the SM-like state h 1 and singlet-like state h 2 may be written as
where | cos θ| ≥ 1/ √ 2. In the regime m 2 > m 1 /2, the SM-like Higgs boson has no new decays and its branching ratios are unchanged from the SM. However, the production cross section, and thus, signal strength, will be reduced by cos 2 θ. Present LHC data imply cos 2 θ > ∼ 0.71 [27] , a bound expected to increase to ∼ 0.95 with the HL-LHC. .2). In the regions where the RHS is > ∼ 1, the reduction in σ(e + e − → Zh) is expected to be large enough to be observed at the CEPC or FCC-ee.
When the singlet mass m S parameter is heavy (m S >> m h ), one may integrate out the singlet degrees of freedom, thereby generating the higher dimension operators [41, 74] 
The resulting contribution to the Lagrangian will be . 2σ Contours of future precision measurements for a heavy singlet-catalyzed EWPT [41] in the (a 1 /m S , m S ) plane. The magenta contour is the 2σ sensitivity to the universal Higgs oblique correction entering associated production at the ILC 500up. Blue contours show the 2σ RG-induced constraints from the S and T parameters from current measurements (solid) and future sensitivities at ILC GigaZ (dashed) and TLEP TeraZ (dotted). Regions of a viable first order EWPT, from Eq. singlet, one will expect no modification of the gluon fusion operator H † HGG, but new contributions to the rate for h → γγ will appear whose impact will depend on the magnitude and sign of a 2 and the φ mass. For the real triplet illustration, the correlation between the relative change in Γ(h → γγ), the values of a 2 and the triplet mass, and the occurrence of a two-step transition are shown in Fig. 7 . One finds that the existence of the two-step transition generally implies a reduction in the Higgs diphoton decay rate. With the HL-LHC, the CMS collaboration projects a probe of the diphoton signal strength with 2% precision [75] , while ATLAS projects at least a 5% determination [76] . Combining the projected LHC determination of the ratio of branching ratios BR(h → γγ)/BR(h → ZZ) with the precise determination of the ZZh coupling at the ILC would allow a one percent determination of the Higgs diphoton coupling [69] . The present CEPC projection is for a 4.7% determination of the coupling with 5 ab −1 integrated luminosity [77] , while for the FCC-ee one anticipates 3% determination of the signal strength with associated production and 10 ab −1 of data [78] . Determinations at this level of precision would provide a decisive test of the simplest realization of the multi-step transition paradigm.
Exotic Higgs boson Decays
The discovery of non-standard (exotic) Higgs boson decays as well as of non-SM Higgses could provide important information about Higgs portal interactions. As indicated above, For the non-SM neutral Higgses, which appear in the new physics models with an extended Higgs sector, most of the current searches at the LHC focus on the conventional Higgs boson search channels of W W , ZZ, γγ, τ τ and bb channel [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] . The production of the extra Higgses is usually suppressed compared to that of the SM Higgs boson, either due to its larger mass or its suppressed couplings to the SM particles. The decay of the heavy neutral Higgses to the W W and ZZ final states is absent for the CP-odd Higgs boson, and could be highly suppressed for the non-SM like CP-even Higgs boson. The decay modes of τ τ or bb suffer from either suppressed signal or large SM backgrounds, and are therefore only relevant for regions of the parameter space with an enhanced bb or τ τ coupling. The search for the charged Higgs bosons at the LHC is even more difficult. For m H ± > m t , the cross section for the dominant production channel of tbH ± is typically small. The dominant decay mode H ± → tb is hard to identify given the large tt and ttbb background, while the subdominant decay of H ± → τ ν has suppressed branching fraction. In the MSSM, even at the end of the LHC running, there is a "wedge region" [89] in the m A − tan β plane for tan β ∼ 7 and m A 300 GeV in which only the SM-like Higgs boson can be covered at the LHC. Similarly, the reach for the non-SM Higgses is limited in models with an extended Higgs sector.
In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e., heavier Higgs decays into two light Higgses, or one light Higgs boson plus one SM gauge boson. Five main exotic decay categories for Higgses of the Type II 2HDM are shown in Table 2 . These channels typically dominate once they are kinematically open. A recent study on exotic Higgs boson decays can be found in Refs. [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] . Refs. [103] [104] [105] ). While bbγγ and bbτ τ have comparable sensitivities at low mass, the bbbb mode dominates at high mass.
• H 0 → AZ or A → H 0 Z With Z → and H 0 /A → bb, τ τ , the final states of bb , τ τ can be obtained with gluon fusion production, or in the bb associated production with two additional b jets [90] [91] [92] . Recent searches from ATLAS and CMS have shown certain sensitivity in this channel [83, [106] [107] [108] [109] .
In parameter regions where Br(A → H 0 Z) × Br(H 0 → ZZ) is not completely suppressed,
ZZZ final states with two Z decaying leptonically and one Z decaying hadronically can also be useful [91] . Other channels with top final states could be explored as well.
Note that the decay A → ZH 0 has been identified as a particular signature of a SFOEWPT in the 2HDM [36] . As discussed below, the prospects for observing this channel in the bb and W + W − model have been analyzed in Ref. [37] .
With both H ± decaying via τ ν final states, the signal of τ τ νν can be separated from the SM W + W − background since the charged tau decay product in the signal typically has a hard spectrum compared to that of the background [95] .
• H 0 /A → H ± W ∓ Similar to the H + H − case, H ± → τ ν, tb and W → ν with τ νν or tb ν could be used • H ± → H 0 W ± , AW ± This is the only exotic decay channel for the charged Higgs boson in the 2HDM. Given the associated production of tbH ± , and the decay of H 0 , A into the bb or τ τ channel, τ τ bbW W or bbbbW W can be used to probe this channel [93] . H 0 /A → tt could also be used given the boosted top in the high energy environment.
Note that while H ± → W Z is absent in 2HDM type extension of the SM Higgs sector, it could appear, however, in the real triplet models extension of the SM once the triplet obtains a vev [58] .
• A/H 0 → tt, H ± → tb While A/H 0 → tt and H ± → tb are considered to be challenging experimentally, a recent study of BSM Higgs searches with top quarks in the final states [110] showed that a combination of the channels of pp → bbH 0 /A → bbtt, bbτ τ , pp → H 0 /A → tt as well as pp → tbH ± → tbtb, tbτ ν yields full coverage for tan β and pushes the exclusion limits from the O(1) TeV at the LHC to the O(10) TeV at a 100 TeV pp collider.
New states
In addition to observing deviations of Higgs boson couplings to SM particles, one may also anticipate direct production of new states associated with SFOEWPT-viable models. Again, the singlet scenario provides the simplest illustration. Its production cross section will be proportional to sin . Recently, the authors of Ref. [111] showed that observation of resonant di-Higgs production in the bbτ + τ − channel -the same one discussed in Ref. [112] for non-resonant production to determine the self-coupling -could be feasible with 100 fb −1 at the LHC, assuming the present maximal value of 0.34 for sin 2 θ. Other studies have analyzed resonant di-Higgs production with bbγγ and 4b final states, though not with an eye toward the EWPT [113] [114] [115] . Looking to the future, should the constraints on the mixing angle become more severe, higher integrated luminosity, a cleaner background environment, or higher parton luminosity as with the SPPC/FCC-hh would be needed to search for such modes.
For non-singlet φ, such as the real triplet (Σ) or 2HDM discussed above, production and decays provide for a rich phenomenology. The electroweak ρ-parameter constraints on the non-doublet vevs imply that single scalar production is typically suppressed, and the dominant production mechanism will be electroweak pair production. For multi-Higgs doublet models, on the other hand, neutral scalars may be produced through gluon fusion, while charged states may be singly-produced through associated production. The final states in regions of interest for cosmology will then depend on the details of each scenario.
Two Higgs doublets. For the 2HDM, the authors of Ref. [37] have shown that in the SFOEWPTviable region of parameter space, the decay A 0 → ZH 0 could be discovered at the 14 TeV LHC in the bb and W + W − channels with integrated luminosity in the > ∼ 20 − 40 fb −1 range. Analyses of decays involving charged scalars H ± remain to be performed.
Real triplet. For vanishing triplet vev, the neutral component may contribute to the DM relic 4 Recall that the mixing angle cancels from the branching ratios when no new decay channels are kinematically allowed.
density. For masses in the several hundred GeV range, where the two step phase transition appears to be viable, the triplet contribution will comprise less than 10% of the relic density due to the sizable cross section for annihilation into W + W − pairs. At the LHC, triplet states are produced electroweakly in Σ + Σ − and Σ ± Σ 0 pairs. Electroweak radiative corrections raise the Σ ± masses relative to the Σ 0 mass by ∼ 160 MeV, so that the Σ± may decay to a Σ 0 plus a soft pion or lepton-neutrino pair. None of the SM final state particles will be detectable.
The signature would, thus, be large E T plus one or more disappearing charged particle tracks.
For a 150 GeV Σ + the cτ is of order 5 cm [58] . The prospective implications of the CMS search for disappearing charged particle tracks [59] have been discussed above in Section 2.3.
For non-vanishing vev, both the neutral and charged triplet can decay, leading to a rich array of possible final states [58] . For Σ ± masses well below the W ± Z threshold, the dominant decay mode is τ ν when the triplet vev is of order one GeV, while it is Σ 0 plus a soft pion for very small vev. The largest Σ 0 branching fraction is to bb. Thus, one may anticipate bbτ ν final states for the first case and bbγγ or bbτ + τ − for the second. In the study of Ref. [111] , it was found that a discovery with the bbτ ν channel may be possible with 100 fb −1 at the 14 TeV LHC, with a significance depending on the magnitude and sign of the Higgs portal coupling a 2 and the triplet mass. Correlating this observation with the SM-like Higgs boson diphoton branching fraction, as discussed above, could indicate the presence of the real triplet with SFOEWPT-favorable parameters.
Future Work
It is clear that there exists a rich set of experimental signatures of the Higgs portal in cosmologically-relevant regions of parameter space. While detailed studies have been carried out for a subset of these signatures, substantial additional work is called for. In Table 5 Acknowledgements
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